Exit Block. Introduction: Recent studies described the occurrence of conduction block within pulmonary veins. Tbe purpose of this study was to evaluate tbe prevalence of exit block during arrhythmias that arise in pulmonary veins.
Introduction
Recent studies demonstrated that pultnonary veins have complex electrophysiologic properties and that there may be multiple mechanisms by which pulmonary vein foci either trigger or generate atrial arrhythmias.'-'Ĉ onduction block of depolarizations arising in the pulmonary veins has been described.--* However, the prev- alence and clinical significance of thi.s finding are unclear. Therefore, the purpose of this study was to evaluate the prevalence of exit block during arrhythmias that arise in pulmonary veins. We also sought to clarify the prevalence and mechanism of exit block in two pulmonary veins during the same episode of tachycardia.
Methods

Patient Population
The study population consisted of 15 consecutive patients with symptomatic atrial tachycardiii/Cibrillation who underwent successful radiofrequency catheter ablation of an arrhythmogenic site within a pulmonary vein. There were 19 men and 6 women (mean age ± SD: 44 ± 13 years). None of the patients had structural heart disease. Mean left ventricular ejection fraction was 0.63 ± 0.06, and mean left atrial diameter determined by echocardiography was 3.7 ± 0.4 cm. Clinically documented arrhythmia was atrial tachycardia in 3 patients, paroxysmal atrial Hhrillation in 19. and persistent atrial fibrillation in 3. Except in the patients who had persistent atrial lihrillation. 24 hour ambulatory ECG recordings demonstrated frequent atrial premature depolarizations and runs of nonsustained atriai tachycardia and/or atrial fibrillation. The patients had been symptomatic for a mean of 42 ± 36 months. Treatment with a mean of 4 ± 2 antiarrhythmic drugs had been ineffective, Three of the patients in this study also were included in a report describing the results of focal ablation of atdal fibrillation.Î n another eight patients, localization and ablation of an arrhythmia thought to be arising in a pulmonary vein was unsuccessful because of an inability to localize the site of origin of the arrhythmia, because of the presence of multiple foci, or because of the absence of spontaneous arrhythmias during the procedure. Data from these patients were not included in this study.
For the purposes of this study, a successful outcome was defined as elimination of arrhythmias that had been arising in a pulmonary vein during at least 60 minutes of observation in the electrophysiology laboratory and at least 3 months of follow-up.
Electrophysiologic Procedures
Electrophysiologic procedures were performed with patients in the fasting state after informed consent was obtained. All antiarrhythmic drug therapy was discontinued at least t\\/e half-lives before the procedure. Three multipolar electrode catheters were introduced through a femoral or subclavian vein. One catheter was positioned in the high lateral right atrium, one in the coronary sinus, and a 6-or 7-French. quadripolar. ablation catheter with a thermistor embedded in a 4-mm distal electrode (EP Technologies. Sunnyvale. CA, USA) was positioned near the His bundle and later used for mapping and ablation. Surface ECG leads and bipolar intracardiac electrograms were filtered at 30 to 500 Hz and recorded on paper or optical disk. Pacing was performed at twice diastolic threshold using stimuli of 2-msec duration.
Mapping and Ablation
During the procedure, the patients in this study either had (1) frequent atrial premature depolarizations and/or runs of nonsustained atrial fibrillation/tachycardia that were spontaneous or induced by pacing or isoproterenol infusion, or (2) early reinitiation of spontaneous atrial fibrillation after internal or external cardioversion. Internal or external cardioversion was performed during the procedure if an episode of spontaneous or induced atrial fibrillation persisted for more than 10 minutes. The technique used for internal cardioversion has been described previously.'' Mapping of the left atrium and pulmonary veins was performed after initial mapping in all patients indicated that the site of origin of the atrial arrhythmias was not in the right atrium, superior vena cava, or coronary sinus. After transseptal catheterization. a 3,000-to 5.000-U bolus of heparin was administrated, followed by an additional 1,000-U bolus every hour. Positioning of the ablation catheter within a pulmonary vein was verified in all patients by the fluoroscopic appearance of the ablation catheter outside ofthe cardiac silhouette on multiple views. In each patient, both the left and right superior pulmonary veins were mapped. The left and right inferior pulmonary veins were mapped in 10 and 8 patients, respectively. In 7 patients, two electrode catheters were inserted into the left atrium and positioned within the left and right superior pulmonary veins to allow simultaneous mapping in the two veins.
Ablation was performed at sites of earliest activation during premature depolarizations that initiated atrial tachycardia or fibrillation. Radiofrequency energy was delivered at a cycle length of 500 to 550 kHz for 30 to 120 seconds by a generator that automatically adjusted the output to maintain a preset temperature of 52° to 60"C at the electrode-tissue interface (EP Technologies; or Medtronic Inc., Minneapolis, MN, USA). A mean of 1.8 ± 2.0 applications (range I to 5) of radiofrequency energy was delivered in arrhythmogenic pulmonary veins.
A total of 28 pulmonary vein foci were successfully ablated in 25 patients. Fourteen were located in the left superior pulmonary vein, 12 in the right superior pulmonary vein, and 2 in the left inferior pulmonary vein. Mean duration of fluoroscopy was 60 ± 41 minutes (range 22 to 109). The only complication was a small pericardial effusion that subsided with conservative treatment in two patients.
Electrogram Analysis
Exit block was defined as the occurrence of spontaneous depolarizations within a pulmonary vein that failed to propagate on a 1:1 basis to the right atrium and coronary sinus. With the proximal pair of electrodes of the mapping catheter positioned at the ostium of the pulmonary vein, the site of exit block was classified as either (1) within the pulmonary vein, between the distal and proximal electrode pairs (Fig. lA) , or (2) at the ostium, between the proximal pair of electrodes and the rest of the atria (Fig. IB) . Endocardia! activation times were measured relative to the high right atrial electrogram.
Statistical Analysis
Continuous variables are expressed as mean ± I SD and compared using Student's /-test or by analysis of variance, as appropriate. Discrete variables were compared with the Fisher exact test. P < 0.05 was considered statistically significant. 
Results
Follow-Up
After a mean follow-up period of 9 ± 5 months (range 3 to 19). 19 patients had no symptomatic arrhythmias in the absence of antiarrhythmic drug therapy and 6 patients had a recuiTcnce of utrial tachycardia/tibrillation thai was found during repeat electrophysiologic testing to be arising from a pulmonary vein other than the one that contained the original target site.
Exit Block During Premature Depolarizations
Depending on ihe coupling interval of the premature depolarization recorded in the puimonary vein, there was either exit block ( Fig. 1 A) , a global atrial depolarization, or a fusion complex with a sinus beat (Fig. IB) . Kxit block during premature depolarizations was observed in 14 (50%) of the 28 an'hythmogcnic puhiionary veins. In the pulmonary veins that did not generate a tachycardia, spontaneous premature depolarizations were not observed, and there were no instances of exit block (0/40. P < 0.01 compared to ,' iO9' f prevalence of exit block in arrhythmogenic pulmonary veins). The coupling interval of premature depolarizations associated with exit block was signilicantly shorter than that of the premature depolarizations associated with global atrial activation (185 ± 42 vs 240 ± 43 msec. P < 0.05).
Exit Block During Tachycardias
Exit block was ob.served during 17 (619?) of 28 pulmonary vein tachycardias. In 13 (76%) of these 17 tachycardias, the exit block occurred at the onset of tachycardia (Fig. 2) . In the remaining 4 (24%) of 17 tachycardias that displayed exit block, the exit block occurred several seconds or minutes after the onset of tachycardia (Fig. 3) . The mean cycle length of the tachycardias a.ssociated with exit block was significantly shorter than that of the tachycardias not associated with exit block (163 ± 32 vs 251 ± 45 msec, P < O.OOl) (Fig. 4) .
Exit block was noted within the pulmonary vein, between the distal and proximal pairs of electrodes, in 9 (53%) of the 17 tachycardias that displayed exit block, and at the pulmonary vein ostium in 8 (47%) of the 17 tachycardias. Among the 17 pulmonary vein tachycardias that exhibited exit block, the site of origin was in the right superior pulmonary vein in 10 (59%). the left superior pulmonary vein in 6 (35%). and the left interior pulmonary vein in I (6%).
Exit Block in Two Pulmonary Veins
In 3 (11 %) of the 28 pulmonary vein tachycardias in three different patients, exit block was observed in two pulmonary veins during the same episode of tachycardia. In two of these patients, recordings were obtained se- quentially from the two pulmonary veins with a single mapping catheter. These two patients had frequent spontaneous episodes of nonsustained atrial fibrillation separated by only one to two sinus beats. Exit block was observed in the left and right superior pulmonary veins in one of the patients, and in the left superior and inferior pulmonary veins in the other patient. In both patients, activation within both of the pulmonary veins that displayed exit block progressed from the distal to proximal pair of electrodes, with exit block to the rest of the atria. One or two applications of radiofrequency energy in the left superior pulmonary vein restored sinus rhythm and eliminated recurrences of atrial fibrillation in both patients. Although no applications of radiofrequency energy were delivered in the other pulmonary vein that had displayed exit block, there were no further spontaneous episodes of atrial fibrillation in either patient after delivery of radiofrequency in the left superior pulmonary vein.
In a third patient in whom exit block was observed in two pulmonary veins, two mapping catheters were placed in the left atrium, allowing simultaneous recordings in the two pulmonary veins. Exit block, with activation progressing from the distal to proximal pair of electrodes, was observed in both the left and right superior pulmonary veins during a sustained episode of atrial fibrillation that had been present for several weeks. Simultaneous recordings in the left and right superior pulmonary veins demonstrated that the electrograms arising cs 500 msec in the two veins were not synchronized. There were intermiltent bursts of rapid activity, .separated by interspersed periods of passive aclivation from the atria (Fig.  5A ). An application of radiofrequency energy in the left superior pulmonary vein during atrial fibrillation restored sinus rhythm (Fig. 5B} . Although there were no further spontaneous arrhythmias, a nonsustuined tachycardia arising in the right superior pulmonary vein was inducible by rapid atrial pacing (Fig. 5C ). After one more application of radiofrequency energy in the right superior pulmonary vein, there were no further spontaneous or inducible arrhythmias (Fig. 5Dj .
Figure 3. Example of exit block to the alritim of a tachycardia that originated in the left superior pulmonary vein (LSPV'I. in the presence of sitnultaneous atrial fibrillation. In this case, a single depolarization (not shown) originating in the LSPV initiated an episode of atrial fibrillation that has a mean cycle length of 280 m.sec in the atrium. During atrial fibrillation, passive activation in the LSPV and right superior pulmonary vein I RSPV) is observed, with activation progressing from the pro.ximal (LSPVt__^ and RSPV^_j) to the distal pair (LSPV,.2 and RSPV, ,) of electrodes (arrow). Five seconds later, a tachycardia originating in the LSPV that has a mean cycle length of 120 msec is observed. During this tachycardia, activation within the pulmonary vein progresses from the distal (LSPV, ,/ to the pro.ximal pair (LSPV^J of electrodes (dotted arrow). Exit block occurs as a result of rate-related conduction block, with failure of LI activation of the atrium. Note that the mean cycle length cf atrial fibrillation
Discussion
Main Findings
The results of this study demonstrate that exit block from pulmonary veins is a common finding, occurring during >50% of tachycardias arising in pulmonary veins. The exil block is attributable to rate-related conduction biock out of a pulmonary vein. The simultaneous occurrence of exit bloek in more than one pulmonary vein during atrial fibrillation appears to be attributable to simultaneous pulmonary vein tachycardias, one of which may be triggered by the other.
The frequent occurrence of exit block from pulmonary veins during atrial fibrillation suggests that the pulmonary veins often may be more than simply the source of a premature depolarization that triggers atrial fibrillation. Based on the observation that atrial fibrillation may terminate shortly after the delivery of radiofrequeney energy to an arrhythmogenic site in a pulmonary vein, it appears that the bursts of tachycardia associated with exit bloek from pulmonary veins may be important in sustaining the atrial fibrillation.
Conduction Properties of Pulmonary Veins
The frequent occurrence of exit block from pulmonary veins during premature depolarizations and during tachycardia may be attributable to the complex arrangement of myocardial fibers at the junction between the pulmonary veins and the left atrium. Previous pathologic studies showed that these junctions are fonned by extensions of myocardial fibers from the atrial wall running in an oblique or spiral direction into the pulmonary veins.'' It is possible that the complex anatomic arrangement of these fibers within the pulmonary veins results in discontinuous propagation of wavefronts. predisposing to exit
Mechanism of Exit Block
In this study, exit block in arrhythmogenic pulmonary veins was found to be a rate-related phenomenon. In the majority of cases, exit block was observed at the onset of tachycardia that had a short cycle length, resulting in conduction block to the rest of the atria. Less commonly. a tachycardia arising in a pulmonary vein resulted in induction of simultaneous atrial fibrillation, and exit block occurred .several seconds to minutes after the onset of tachycardia. In these cases, the cycle length of the pulmonary vein tachycardia accelerated and was shorter than that of the atrial fibrillation, resulting in failure of I:! conduction out ofthe pulmonary vein. Regardless of whether the exit block is observed at the onset of a pulmonary vein tachycardia or after the tachycardia has already been present for several seconds or more, the occurrence of exit bloek suggests the presence of an arrhythmogenic focus in that particular vein.
Exit Block in Two Pulmonary Veins
The occurrence of exit block in two pulmonary veins during a given episode of atrial fibrillation can be explained by a single site of origin of a tachycardia and an insulated connection hetween the two pulmonary veins. This mechanism would explain why an application of radiofrequency energy in only one of the two veins was sufficient to restore sinus rhythm and abolish spt)ntaneous recurrences of atrial fibrillation in the three patients in this study in whom exit bloek was observed in more than one pulmonary vein. If there were an insulated connection between two pulmonary veins, simultaneous recordings from the two puhnonary veins might be expected to demonstrate a synchronized pattern of electrograms. However, among the three patients in this study in whom exit block was observed in two pulmonary veins, simultaneous recordings from both of the pulmonary veins were available in one patient. In this patient, the taehyeardias recorded at the same time in the two The observation of nonsynchronized bursts of tachycardia with exit block in two pulmonary veins suggests that tachycardias may be generated at the same time in more than one pulinonary vein. Based on the observations that spontaneous arrhythmias resolved after ablation in only one of the two pulmonary veins and that tachycardia in the pulmonary vein that was not targeted for ablation still was inducible by rapid pacing, it seems likely that tachycardia arising in one of the pulmonary veins was repeatedly triggering bursts of tachycardia in another pulmonary vein. Therefore, once the tachycardia generated in one of the aiThythmogenic pulmonary veins has been eliminated by ablation, the trigger for the tachycardia arising in the other pulmonary vein also may be eliminated.
Prior Studies
A prevalence of exit block of approximately 50% in arrhythmogenic pulmonary veins is consistent with the 34% to 47% prevalence reported in previous studies.-'* In accordance with the results of the present study, Chen et al/ demonstrated that exit block is most likely to occur in the right superior puimonary. They postulated that this may be attributable to a more complex arrangement of myocardial fibers with a greater anisotropic conduction properties in the right superior pulmonary vein than in the left superior pulmonary vein, and a significant difference in afrial effective refractory period between the proximal and distal right superior pulmonary vein. Furthermore, as shown by Haissaguerre et al.-and the present study, the occurrence of exit block is associated with shorter tachycardia cycle lengths.
The present study is the first to describe the occurrence of exit block from more than one pulmonary vein during the same episode of atrial fibrillation.
Limitations
A limitation of this study is that, to minimi/e the duration of the procedures and the risk of complications. not all pulmonary veins were systematically mapped in every patient. Therefore, the prevalence of exit block in two or more pulmonary vein.s during an episode of atrial fibrillation may have been underestimated. Another limitation is that, in most patients, mapping of different pulmonary veins was performed in sequential fashion with a single catheter. Therefore, a nonsynchronized pattern of exit block was documented with simultaneous recordings in only one of the three patients in this study in whom exit block was observed in two pulmonary veins. In the other two patients, tbe mechanism of simultaneous tachycardias could not be definitively determined.
Conclusion
Exit block is a common observation during tachycardias generated within pulmonary veins and appears to be a reliable indicator that an arrhythmogenic pulmonary vein has been identified. The occurrence of exit block in more than one pulmonary vein at the same time probably is attributable to simultaneous tachycardias, one of which may be triggered by the other.
